VISFATIN is a novel adipokine, also known as a nicotinamide phosphorybosyltransferase (NAMPT), that is able to modulate different processes, including lipid and glucose metabolism, oxidative stress, inflammation, and insulin resistance. Recent data suggest that it also plays a role in reproductive function in rats, humans, and chickens. Here we identified VISFATIN in the bovine ovary and investigated the in vitro effects of this hormone on granulosa cell steroidogenesis and proliferation and oocyte maturation. By RT-PCR, immunoblotting, and immunohistochemistry, we found VISFATIN in various ovarian cells, including granulosa and theca cells, corpus luteum, and oocytes. In cultured bovine granulosa cells, we showed that IGF1 (10 À8 M) and VISFATIN (10 and 100 ng/ml) but not FSH (10 À8 M) increased mRNA expression levels of NAMPT after 48 h of stimulation. Moreover, we observed that human recombinant VISFATIN (hVisf, 10 ng/ml, 48 h) increased the release of progesterone and estradiol secretion, and this was associated with an increase in the protein level of STAR, the HSD3B activity, and the phosphorylation levels of IGF1R and MAPK ERK1/2 in the presence or absence of IGF1 (10 À8 M). All these effects were abolished when NAMPT was knocked down and when the sirtuin pharmacological inhibitors CHIC-35 (60 nM) and EX-527 (0.5 lM) were preincubated in bovine granulosa cells. Thus, in cultured bovine granulosa cells, VISFATIN improves basal and IGF1-induced steroidogenesis and IGF1 receptor signaling through SIRT1.
INTRODUCTION
VISFATIN is an adipokine also known as a nicotinamide phosphorybosyltransferase (NAMPT), or a pre-B-cell colonyenhancing factor. It is a 52-kDa mammalian protein that is constitutively synthesized by adipose tissue and many other tissues [1] , including reproductive tissues in humans, chickens, and rodents [2] [3] [4] . VISFATIN is highly preserved across animal evolution [5] . It plays a role in inflammation, in several metabolic and stress responses, and in cellular energy metabolism [6, 7] . NAMPT has been shown to have several intra-and extracellular functions, and two isoforms, intracellular (enzymatic) and extracellular (cytokine-like), have been reported. Intracellular NAMPT is a regulator of the intracellular nicotinamide adenine dinucleotide (NAD) pool [1] . It contributes to the biosynthesis of NAD by acting to convert nicotinamide into nicotinamide mononucleotide, and it represents the limiting factor for this enzyme reaction [8] . NAD has a regulatory role in modulating the activity of the NADdependent deacetylase sirtuin-1 (SIRT1), which improves insulin sensitivity in peripheral tissues [9] . The extracellular form of NAMPT is also known as VISFATIN or pre-B-cell colony-enhancing factor. This protein has been reported as an insulin-mimetic hormone [10, 11] , but these data remain controversial [12, 13] . In humans, VISFATIN plasma level is increased during the development of obesity and in type 2 diabetes [9] . The receptor of VISFATIN is not yet identified.
In mammals, there is some evidence to suggest that VISFATIN is directly involved in regulating human reproductive functions. Indeed, VISFATIN is constitutively expressed in human ovarian follicles [3, 14, 15] , myometrium [16] , placenta [17] , and human fetal membranes [18] . Parturition causes increased VISFATIN gene expression from the myometrium [16] as well as the membranes, resulting in an increase in its protein in maternal serum [16] . In ovary, VISFATIN increases insulin-like growth factor 1 (IGF1)-induced steroidogenesis in primary human granulosa cells (GC) [3] . Furthermore, in women who are undergoing controlled ovarian stimulation, there is a correlation between the concentration of VISFATIN in the follicular fluids and the number of oocytes retrieved [15] . In rats, the administration of VISFATIN during superovulation has been shown to play an important role in the regulation of oocyte quality, and it can improve oocyte quality and fertility in aged female mice [19] . In males, VISFATIN is also expressed in the testes of rats, more specifically in Leydig cells, spermatocytes, and sperm [20] . In cultured Leydig cells, NAMPT has been shown to increase testosterone production [21] . In humans, NAMPT levels are significantly higher in seminal plasma than in serum, suggesting that testicular cells produce NAMPT [22] .
In bovine species and more specifically dairy cows, during early lactation, the energetic cost of milk production can exceed energy consumed, resulting in a prolonged period of negative energy balance and consequent mobilization of adipose tissue [23] . This mobilization of adipose tissue after calving induces changes in the plasma adipokines, such as LEPTIN, TNFalpha, and ADIPONECTIN, that could explain variations in insulin sensitivity but also might affect fertility [24] [25] [26] [27] . Plasma VISFATIN has not yet been determined in bovine species. However, VISFATIN is present in dairy cow adipose tissue, and there is a tendency that its mRNA level is decreased 3 wk as compared to 1 wk postpartum [28] . Several adipokines are expressed in reproductive organs in bovine species [29] [30] [31] [32] . Furthermore, we have recently showed that VISFATIN mRNA expression was decreased in cumulus cells from ''FertilÀ'' compared with ''Fertilþ'' cows, which was especially pronounced after in vitro maturation [33] . Fertilþ cows had a significant higher success rate at the first artificial insemination than did FertilÀ cows [34] . Lower VISFATIN expression in cumulus cells and/or mural GC might therefore reflect lesser oocyte quality and suggest the involvement of this adipokine in the functions of ovarian follicular cells. In the present study, we identified VISFATIN in bovine follicle and investigated its effects and molecular mechanisms on bovine GC steroidogenesis (production of both progesterone and estradiol). We also examined the involvement of SIRT1 in the effects observed.
MATERIALS AND METHODS

Ethics
All experimental protocols were approved by an ethics committee (''Comité d'Ethique en Expérimentation Animale Val de Loire, protocol registered as no. 2012-09-6) and were carried out in accordance with the guidelines of the French Council for Animal Care.
Hormones and Reagents
Recombinant human IGF1 was obtained from Sigma. Purified ovine FSH (lot no. AFP-7028D, 4453 IU/mg, FSH activity ¼ 1753 activity of oFSH-S1) used for culture treatment was a gift from NIDDK (National Hormone Pituitary Program, Bethesda, MD). Recombinant human VISFATIN (hVisf) was purchased from Biovendor. The sirtuin 1 pharmacological inhibitors EX-527 [35] and CHIC-35 [35] and dimethyl sulfoxide were from Sigma-Aldrich. They were used at concentrations giving ,10% cell death after 48 h of culture to exclude a nonspecific toxic effect. Thymidine methyl-H3 was obtained from Amersham Life Science.
Antibodies
Rabbit polyclonal antibodies to VISFATIN were purchased from Aviva Systems Biology. Rabbit polyclonal antibodies to phospho-MAPK3/1 (Thr202/ Tyr204) and SIRT1 were obtained from Ozyme. Mouse monoclonal antibodies to VINCULIN and CYP19A1 were obtained from Sigma and Serotec, respectively. Rabbit polyclonal antibodies against CYP11A1, STAR, and HSD3B were generously provided by Dr. Dale Buchanan Hales (University of Illinois, Chicago) and Dr. Van Luu-The (CHUL Research Center and Laval University, Quebec City, QC), respectively. These latter antibodies recognize bovine CYP11A1, STAR, and HSD3B, respectively [29, 36] . Rabbit polyclonal antibodies to MAPK1 (C14) were purchased from Santa Cruz Biotechnology. All antibodies were used at 1:1000 dilution in Western blotting.
Collection of Bovine Tissue and Primary Culture of Bovine Granulosa Cells
Bovine tissues (corpus luteum, ovarian cortex, small and large follicles, and GC) were recovered from a local slaughterhouse. Tissue and cell samples for mRNA and protein extraction were frozen in liquid nitrogen and stored at À808C. Bovine ovaries were obtained from adult cows collected in a slaughterhouse and transported aseptically before dissection. Then GC were recovered from small antral follicles (3-5 mm) in modified Mc Coy 5A medium followed by 5 min of centrifugation. Cells were washed, counted in a hemocytometer, and cultured in McCoy 5A supplemented with 20 mmol/L Hepes, penicillin (100 U/ml), streptomycin (100 mg/L), L-glutamine (3 mmol/ L), 0.1% bovine serum albumin (BSA), 5 mg/L transferrin, 20 mg/L selenium, 0.1 lmol/L androstenedione, and 10% fetal bovine serum (FBS; PAA Laboratories). Approximately 4 3 10 5 viable cells were seeded in each plastic multiwell containing 1 ml of medium. After 24 h of culture, cells were starved with McCoy 5A medium containing 1% of FBS for one night and then incubated in fresh culture medium with or without test reagent for the appropriate time. All cultures were performed in a water-saturated atmosphere of 95% air/5% CO 2 at 378C.
RNA Isolation and RT-PCR
As described previously [37] , total RNA was extracted by using Trizol reagent according to the manufacturer's procedure (Sigma-Aldrich). RT 
Real-Time PCR
After the reverse transcription, the bovine cDNAs of GCs from small follicles (SF), medium follicles (MF), and large follicles (LF) or of corpus luteum (CL), LF, and SF or the ovarian cortex were diluted 1:5. The real-time PCR was made in 20 ll of final volume containing 10 ll of iQ SYBR Green supermix (Bio-Rad), 0.25 ll of each primer (10 lM), 4.5 ll of water, and 5 ll of template. The cDNA templates were amplified and detected with the MYIQ Cycler real-time PCR system (Bio-Rad) with the following protocol: 1 cycle for 5 min at 958C to denature the sample and then 40 cycles for 1 min at 958C for denaturation, 1 min at 608C for hybridization, 1 min at 728C for stretching, and finally 1 cycle for 5 min at 728C for final elongation. The gene expression was normalized using the geometric mean of three housekeeping genes (ACTB, RPL19, and PPIA) whose expression was stable in our conditions (data not shown). The normalized values of relative expression (R) were calculated according to the following equation:
where Ct is the cycle threshold and E is PCR efficiency for each primer pair. The specificity of the amplified fragment sequence was controlled by Beckman Coulter Genomics. The efficiency was between 1.7 and 2.
Protein Extraction and Western Blot
Bovine GC and all other tissues or cells were homogenized as previously described [36] . Lysates were incubated on ice for 30 min before centrifugation at 12 000 3 g for 20 min at 48C. The pellet was eliminated, and the samples were stored at À808C. The protein concentration for each condition was measured using a BCA protein assay. Samples were denatured and submitted to electrophoresis on a 12% SDS-polyacrylamide gel at 90 V before being transferred onto nitrocellulose membranes (Schleicher and Schuell). Then the membranes were blocked for 30 min with TBS-Tween-milk 5% and incubated with specific primary antibodies (dilution 1/1000) for 16 h at 48C. After several washes, membranes were incubated for 1 h and 30 min with the secondary antibodies conjugated with HRP anti-rabbit or anti-mouse IgG at 1/5000 final dilution. Proteins were revealed by enhanced chemiluminescence (Western Lightning Plus-ECL; PerkinElmer) using a G:Box SynGene (Ozyme) with the GenSnap software (release 7.09.17). Quantification was performed with the GeneTools software (release 4.01.02).
VISFATIN Knockdown Using Lentiviral Vectors
Short hairpin RNA (shRNA) was designed according to rules described by Reynolds et al. 2004 [38] . The sequence of shRNA against NAMPT (also named visfatin) called NAMPTÀ/À was 5 0 -GAGTGTTACTGGCTTACAA-3 0 from the literature [39] . Scrambled shRNA sequence was created by mutating critical bases on shRNA against NAMPT: 5 0 -GAGTGTTACGGGGTTCCAG-3 0 . All shRNAs were subcloned into the pSicoR lentiviral vector [40] , in which shRNA is driven by a U6 promoter and a reporter green fluorescent protein (GFP) expression cassette is driven by an immediate early promoter of REVERCHON ET AL.
cytomegalovirus. We produced VSV-G (G protein of vesicular stomatitis virus) pseudotyped shRNA lentiviral vectors. Lentiviral transductions were conducted at a multiplicity of infection of 6. Two days after transduction, cells were treated with puromycin (2 lg/ml).
NADH/NADþ Content
The concentrations of NADþ and NADH in cell lysates were evaluated using a NADþ/NADH Quantification Kit (BioVision) in accordance with the manual. The amount of NADþ in each sample was normalized to the protein content for each test sample.
Immunohistochemistry
Bovine ovary sections were deparaffinized, hydrated, and microwaved in antigen unmasking solution for 5 min before being allowed to cool to room temperature. Sections were then washed in PBS for 5 min and immersed in peroxidase-blocking reagent for 10 min at room temperature to quench endogenous peroxidase activity (DAKO Cytomation, DAKO). Ovary sections were washed for 5 min in PBS followed by incubation for 20 min in PBS with 5% lamb serum in order to eliminate nonspecific background labeling. Sections were incubated overnight at 48C with PBS containing rabbit primary antibody raised against either VISFATIN or SIRT1 at a dilution of 1:100. Sections were washed twice for 5 min each time in a PBS bath, followed by 30 min of incubation at room temperature with a ''ready to use'' labeled Polymer-HRP anti-rabbit (DakoCytomation Envision Plus HRP System, DAKO). Finally, sections were washed twice in PBS, and the staining was revealed by incubation at room temperature with 3,3 0 -diaminobenzidine tetrahydrochloride (Liquid DABþSubstrate Chromogen System, DakoCytomation, DAKO). We used primary antibodies with rabbit IgG as negative controls.
Thymidine Incorporation into GC
Primary bovine GC were cultured for 24 h in McCoy 5A medium and 10% FBS. Cells were plated in a 24-well plate (2 3 10 5 viable cells/well), and four replicates were tested for each experimental condition (VISFATIN and/or IGF1) for each culture. After several washes and one night of serum starvation, cells were cultured for 24 h with 1 lCi/ll of [3H] thymidine (Amersham Life Science) in the presence or absence of VISFATIN and/or IGF1 (10 À8 M). After that, thymidine was removed with PBS and fixed with cold 50% trichloroacetic acid for 15 min on ice. Finally, cells were lysed by 0.5 N NaOH, and the radioactivity was counted in a b-photomultiplier by adding scintillation fluid (Packard Bioscience).
Progesterone and Estradiol Radioimmunoassay
Progesterone and estradiol concentrations were measured in serum-free medium from primary bovine GC after 48 h of culture by a radioimmunoassay protocol as previously described [36] . Cells were plated in a 48-well plate (10 5 viable cells/well), and we tested six replicates for each experimental condition (VISFATIN, IGF1, and so on) for each culture. The results were expressed as the concentration of steroid (ng/ml)/ protein concentration/well. The intra-and interassay coefficients of variation for progesterone were less than 10% and 11%, respectively. The intra-and interassay coefficients of variation for estradiol were less than 7% and 9%, respectively. Results are means 6 SEM and are representative of six independent cultures with each condition in quadruplicate.
HSD3B Assay
The activity of HSD3B was assessed by using the method previously described by [41] . GC were homogenized in 0.25 M sucrose and then centrifuged for 60 min at 105 000 3 g. The precipitate was rehomogenized in the same buffer and centrifuged at 800 3 g for 5 min. The supernatant was used for the HSD3B assay. The assay mixture of HSD3B contained 40 lmol of glycine (pH 9.4), 0.9 mg of bovine serum albumin, 0.5 lmol of NADþ, and 0.05 ml of enzyme solution. The assay mixture was preincubated for 5 min at 378C, and the reaction was started by the addition of the HSD3B substrate (0.005 mg of pregnenolone [0.1 mg/ml in ethanol]). The HSD3B activity was assayed spectrophotometrically dependent on the increase in NADH absorbance at 340 nm and expressed as munits/mg protein. The amount of enzyme producing 1 lmol NADH was defined as one unit of enzyme activity.
Bovine Oocyte Collection and In Vitro Maturation
Bovine ovaries were collected from a slaughterhouse in sterile NaCl solution and maintained at 378C until aspiration. The cumulus-oocyte complexes (COCs) were aspirated from follicles 3-8 mm in diameter using an 18-gauge needle connected to a sterile test tube and to a vacuum line (100 mm Hg) as previously described [42] . COCs were then selected under a dissecting microscope. Expanded or nonintact COCs were eliminated: only intact COCs were washed in TCM Hepes 199 (Sigma) supplemented with BSA (0.4%) and gentamycine (2.5 ml/L) under mineral oil (Sigma). The COCs were cultured in TCM 199 (Sigma) with BSA (4 mg/ml) supplemented or not with hVisf (10 and 100 ng/ml) for 10 or 22 h at 398C in 5% CO 2 in air with saturated humidity. Each oocyte group contained at least 25 oocytes. After maturation, COCs were denuded by pipetting with 0.5% hyaluronidase (Sigma). Collected oocyte and cumulus cells were then frozen at À808C. Visfatin mRNA and protein levels were analyzed in oocyte and cumulus cells.
Statistical Analysis
All experimental results are presented as the mean 6 SEM. Statistical analysis was carried out using a one-way analysis of variance (ANOVA) or a ttest to test differences. If ANOVA revealed significant effects, it was followed by the Student-Newman-Keuls test. To detect a possible interaction between VISFATIN and IGF1, we performed a two-way ANOVA in data from Figures 3-6.
RESULTS
VISFATIN mRNA and Protein Expression in the Bovine Ovary
RT-PCR analysis with RNA from dissected CL, SF, and LF, cumulus cells, and oocytes from immature and in vitro mature (IVM) COCs resulted in the amplification of one cDNA corresponding to the fragment of VISFATIN (NAMPT) (579 base pairs) (Fig. 1A, left panel) . By quantitative RT-PCR, we show that NAMPT mRNA is more highly expressed in GC from LF (GC LF) than those from SF (GC SF) (Fig. 1A, right  panel) . Adipose tissue and mammary gland were used as positive controls. Immunoblotting of protein extracts revealed one band corresponding to VISFATIN showing that VISFA-TIN is present in bovine CL and different follicular cells (Fig.  1B, 1-3 ). As shown in Figure 1B2 , we observed that protein level of VISFATIN is higher in GC LF that in GC SF. Furthermore, we found that IVM decreases the amount of VISFATIN in oocyte whereas it does not affect VISFATIN protein level in cumulus cells (Fig. 1B, 3) . Immunohistochemistry with ovarian sections from bovine follicles confirmed the immunoblot and RT-PCR findings and revealed that VISFA-TIN is also present in theca cells but less abundantly than in GC (Fig. 1C) . Thus, VISFATIN is found in the different bovine ovarian follicular cells. 2 ). Similar data were obtained after 24 h of incubation (data not shown).
Effects of Human Recombinant VISFATIN (hVisf) on Basal and FSH or IGF1-Stimulated Progesterone and Estradiol Productions in Bovine GC
To investigate the effect of hVisf on the production of progesterone (Fig. 3, A and B) and estradiol (Fig. 3, C and D) , bovine GC from SF were incubated with various concentrations of hVisf (0, 0.1, 1, 5, 10, and 100 ng/ml) for 48 h or with hVisf for 48 h in the presence or absence of FSH (10 À8 M) or REVERCHON ET AL.
IGF1 (10 À8 M). Secretion of both progesterone (Fig. 3, A and  B) and estradiol (Fig. 3, C and D) were increased by hVisf treatment from the concentration of 10 ng/ml (P , 0.05). In the presence of IGF1 (10 À8 M) but not FSH (10 À8 M), hVisf (10 ng/ ml, 48 h) significantly increased progesterone and estradiol secretion (P , 0.05) (Fig. 3, C and D) . By using a two-way ANOVA, we confirmed a significant effect of hVisf and IGF1 concerning steroid production, but no interaction between these two factors was observed.
To determine whether the effect of hVisf on steroidogenesis induced by IGF1 was mediated by VISFATIN, we used the shRNA technology to specifically knock down the expression of VISFATIN in primary bovine GC. Forty-eight hours after the lentiviral infection, the NAMPTÀ/À showed almost 95% knockdown of VISFATIN protein (Fig. 4A) and activity (Fig.  4B) . The scrambled cells produce a shRNA targeting no known mRNAs. They did not differ significantly from the parental cells in any of the experiments performed (data not shown). NAMPTÀ/À and scrambled cells were incubated in serum-free medium with hVisf (10 ng/ml) for 48 h in the presence or absence of IGF1 (10 À8 M) or FSH (10 À8 M). As shown in Figure 4 , C and D, in the absence of hVisf (10 ng/ml), in basal state (no stimulation) or in response to IGF1 or FSH, steroid production was similar in NAMPTÀ/À and scrambled cells. Interestingly, VISFATIN treatment increased basal and IGF1- 
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induced progesterone and estradiol secretion in scrambled cells but not in NAMPTÀ/À (Fig. 4, C and D) . No effect of hVisf was observed on the steroid production in response to FSH in both NAMPTÀ/À and scrambled cells (Fig. 4, C and D) .
We also examined the effect of hVisf on the number of bovine GC in culture, either by induction of mitosis or by altering the cell viability. [ 3 H]-Thymidine incorporation by primary bovine GC treated with hVisf (10 or 100 ng/ml) was determined after 24 h of culture in the presence or absence of IGF1 (10 À8 M). As expected, IGF1 treatment significantly increased [ 3 H]-thymidine incorporation (Supplemental Figure  S1 ; available online at www.biolreprod.org). However, hVisf treatment did not affect cell proliferation in the basal state or in response to IGF1 (Supplemental Figure S1) . As revealed by staining with trypan blue, hVisf had no effect on cell viability in the absence or presence of IGF1 (data not shown). Thus, hVisf increased steroid production in response to IGF1 without affecting the proliferation or viability of bovine GC.
Effects of hVisf on STAR, CYP11A1, HSD3B, and CYP19A1 Protein Levels and HSD3B Activity in Basal State and in Response to IGF1 in Bovine GC
We next determined whether the positive effects of hVisf on steroid production were due to effects on the protein levels of three crucial enzymes of steroidogenesis (HSD3B, CYP11A1, and CYP19A1) or that of STAR, a cholesterol carrier. As shown in Figure 5A , hVisf treatment (10 ng/ml, 48 h) significantly increased the production of STAR in the absence (basal state) and presence of IGF1, whereas no effect was observed on the protein levels of HSD3B, CYP11A1, and CYP19A1 in scrambled cells (data not shown). These effects were totally abolished in NAMPTÀ/À cells. We also investigated the effects of hVisf on the activity of the HSD3B enzyme that is responsible for the conversion of pregnenolone to progesterone. As shown in Figure 5B , hVisf treatment significantly increased HSD3B activity in the absence and   FIG. 4 . Effect of hVisf treatment on IGF1-induced progesterone and estradiol in NAMPT knockdown bovine GC. A) Protein expression levels of NAMPT in noninfected, NAMPTÀ/À and scrambled bovine GC. Bovine GC at 60% of confluence were infected with lenti-NAMPT-GFP virus (NAMPTÀ/À1 cells) or lenti-control cells (scrambled)). Two days after the infection, VISFATIN protein expression was determined by immunoblot. Protein lysates were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and incubated with specific antibodies against VISFATIN. Equal protein loading was verified by reprobing membrane with an antivinculin antibody. Results are representative of at least three independent experiments. Bars with different letters are significantly different (P , 0.001). Magnification 310. B) NADþ concentration in noninfected, NAMPTÀ/À, and scrambled bovine GC. Bovine GC at 60% of confluence were infected or not with lenti-NAMPT-GFP virus (NAMPT-/-1 cells) or lenti-control cells (scrambled). Two days after the infection, GC were then lysed, and the amount of NADþ was determined as described in Materials and Methods and represented as NADþ production per lg of total protein. Results are means 6 SEM from four independent experiments. Bars with different letters are significantly different (P , 0.05). C and D) IGF1-induced progesterone (C) and estradiol (D) production in scrambled and NAMPTÀ/À bovine GC. Cells were cultured for 48 h in medium without serum in the absence or in the presence of IGF1 (10 À8 M). The culture medium was collected, and progesterone (C) and estradiol (D) production were measured by radioimmunoassay. Results are representative of at least three independent experiments. The results are expressed as means 6 SEM. Different letters indicate significant differences (P , 0.05).
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presence of IGF1 in scrambled cells, whereas no effect was observed in NAMPTÀ/À cells. Thus, the increase in steroid secretion in response to hVisf may be due to an increase in the amounts of the STAR proteins and the HSD3B activity. By using a two-way ANOVA, we confirmed a significant effect of hVisf and IGF1 concerning STAR protein levels and HSD3B activity in scrambled cells, but no interaction between these two factors was observed.
Effects of hVisf on the Activation of IGF1R Signaling in Basal State and in Response to IGF1 in Bovine GC
Since hVisf treatment significantly increased IGF-1-induced steroidogenesis in primary bovine GC, we next investigated whether some components of IGF1R signaling could be modified by hVisf in these cells. Cells were incubated in serum-free medium with hVisf (10 ng/ml) for 48 h in the presence or absence of IGF1 (10 À8 M) in scrambled and NAMPTÀ/À cells. IGF1 increased phosphorylation of IGF1R beta subunit and MAPK ERK1/2 (Fig. 6, A and B ) in both type of cells. As shown in Figure 6 , A and B, hVisf treatment increased IGF1R and MAPK ERK1/2 activation in the presence or absence of IGF1 in scrambled but not in NAMPTÀ/À cells. Thus, the positive effect of VISFATIN on the steroid production in basal state or in response to IGF1 could be due to an increase in the IGF1R phosphorylation and consequently an increase in the activation of the downstream components of IGF1R. As for steroid production, STAR protein levels, and HSD3B activity, we confirmed a significant effect of hVisf and IGF1 on the activation of IGF1R signaling in scrambled cells, but no interaction between these two factors was observed.
Identification of SIRT1 in Bovine Ovary
As previously described, it is well known that VISFATIN modulates sirtuin1 (SIRT1) through the regulation of NAD [1, 43] . Thus, we evaluated whether VISFATIN affects steroid production via an SIRT1-dependent pathway in bovine GC. First, we determined the expression of SIRT1 in bovine ovarian follicle. As shown in Figure 7 , A and B, we observed that SIRT1 mRNA and protein were more highly expressed in GC from small follicles than from large follicles. By immunohistochemistry, we found that SIRT1 was present not only in GC but also in theca and cumulus cells (CC) and oocyte (Oo) (Fig.  7C) . Moreover, by real-time quantitative PCR, we observed that in vitro maturation decreased SIRT1 mRNA levels in bovine oocyte (Fig. 7D) .
hVisf Increases Basal and IGF1-Induced Steroid Production, STAR, and IGF1 Receptor Signaling Through SIRT1
We next determined whether SIRT1 mediates the positive effect of VISFATIN on steroid production in the absence or presence of IGF1 by using two SIRT1 pharmacological inhibitors, EX-527 (0.5 lM) and CHIC-35 (60 nM). These two inhibitors with these concentrations inhibited SIRT1 activity as compared to basal state or in response to VISFATIN (data not shown) and had no effect on the cell viability as determined by trypan blue staining (data not shown). As shown in Figure 8 , A and B, both CHIC-35 and EX-527 significantly reduced the increase in progesterone and estradiol secretion in response to hVisf in the absence or presence of IGF1. We also showed that CHIC-35 abolished the positive effect of VISFATIN on STAR protein level and IGF1R beta subunit and MAPK ERK1/2 phosphorylation, suggesting that the 
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positive effect of VISFATIN on bovine GC steroidogenesis was SIRT1 dependent (Fig. 9, A-C) . However, we observed no effect of CHIC-35 and EX-527 on HSD3B activity in response to hVisf in the absence or presence of IGF1 (data not shown).
DISCUSSION
In this study, we demonstrated for the first time that VISFATIN (NAMPT) is present in the bovine ovarian follicle. In bovine cultured GC, IGF1, and also VISFATIN itself increased NAMPT mRNA expression. In addition, we showed that hVisf (10 ng/ml) increased basal and IGF1-induced steroidogenesis through SIRT1 in cultured bovine GC. This was associated with an increase in the levels of STAR protein, IGF1R beta subunit, and MAPK3/1 phosphorylation.
We found VISFATIN at mRNA and protein levels in all the different bovine ovarian compartments, including corpus luteum, cortex, and small and large follicles. We have previously showed that VISFATIN is present in human ovarian follicular cells, including theca and cumulus and GC [3] . Moreover, VISFATIN is found in the human follicular fluid [15] . Its concentration is about 0.1-20 ng/ml in human and rat plasma [44, 45] . In women, similar or lower levels of VISFATIN were observed in plasma as compared to follicular fluid [15, 46] . A positive correlation between the concentration of VISFATIN in the follicular fluid (FF) and the number of oocytes retrieved has been found in women undergoing in vitro fertilization [15] , suggesting that the VISFATIN in FF could be a good marker for the number of oocytes collected in in vitro fertilization protocols. The role of serum and FF VISFATIN levels in the polycystic ovary syndrome (PCOS) remains very controversial [46] [47] [48] [49] [50] . Here, we showed that VISFATIN is present in bovine oocyte and that its amount decreases after IVM. In cattle, the plasma and FF VISFATIN concentrations are not yet known. Other adipokines, such as LEPTIN [51] , ADIPONECTIN [31] , RESISTIN [30] , and CHEMERIN [37] , have been previously identified in bovine follicular cells. Using real-time PCR, we found that NAMPT was significantly more expressed in GC from large follicles than those observed in small follicles. However, we investigated the effect of hVisf in granulosa from small follicles in order to compare the results that our lab previously obtained with other adipokines, including CHEMERIN [29] , RESISTIN [30] , and ADIPO-NECTIN [31] .
In our experiments, we stimulated bovine GC with 10 and 100 ng/ml, a concentration close to those observed in human or 
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chicken plasma [2, 45] . The DNA sequence of bovine NAMPT is highly homologous to those of humans, mice, and chickens, suggesting also a high identity for the amino acid sequences. Thus, we used human recombinant VISFATIN (hVisf) to determine the effects of VISFATIN on the bovine follicular cells. In our study, we showed that IGF1 but also hVisf were able to increase NAMPT mRNA expression, whereas FSH had no effect in primary bovine GC. In human mature adipocytes, IGF1 inhibits VISFATIN mRNA expression, whereas it does not affect it in human hepatocytes or osteoblasts suggesting a tissue-specific effect of IGF1 on VISFATIN expression [52] . In the present study, we observed that VISFATIN increases basal and IGF1-induced steroid production, and these effects were abolished when VISFATIN was down-regulated. Similar results were previously obtained in human GC by using the FK866 visfatin inhibitor [3] . Here, we have also interestingly shown that in the absence of hVisf, the IGF1 effect on steroid production by primary bovine GC was not affected by VISFATIN silencing. A significant effect was observed only in the presence of exogenous hVisf, suggesting that the positive effect of VISFATIN on basal and IGF1-induced steroid production could be due to an endogenous VISFATIN production induced by exogenous VISFATIN. In a previous study, we observed an inhibitory effect of VISFATIN on progesterone secretion by primary hen GC, suggesting specific effects of VISFATIN on ovarian steroidogenesis according to the species [2] . In males of mammalian species, VISFATIN increases testosterone production in cultured Leydig cells [21] , suggesting that in mammalian species, VISFATIN exerts a positive effect on steroid production. Steroidogenesis involves different enzymes (CYP11A1, HSD3B, andCYP19A) and a cholesterol carrier, STAR. In our study, the positive effect of VISFATIN on progesterone and estradiol release was associated with an increase in STAR protein levels and HSD3B activity but no variation in the protein levels of enzymes described above. This increase in the cholesterol carrier Vinculin is used as a loading control (n ¼ 6). C) Localization of SIRT1 in the bovine ovarian follicle by immunohistochemistry. DAB-immunoperoxidase staining was performed on paraffin-embedded bovine ovary using antibodies against SIRT1 (1/100) or no primary antibodies but rabbit IgG (1/100). Immunospecific staining is brown. The sections were counterstained with hematoxylin. A, antrum; Oo, oocyte; T, theca cells; GC, granulosa cells. Bars ¼ 100 lm. Immunohistochemistry was performed on six different cows. D) Expression mRNA levels of SIRT1 in oocyte from bovine immature and in vitro matured cumulus-oocyte complexes (COCs). SIRT1 mRNA expression was analyzed in germinal vesicle oocytes just after collection at T0 (IMOo) or after 22 h of in vitro maturation (IVM) with cumulus cells as described in Materials and Methods. After 22 h of IVM, each COC was mechanically separated into oocyte (IVMOo) and cumulus cells; mRNA expression of NAMPT in IMOo and IVMOo was measured by quantitative real-time PCR as described in Materials and Methods. Results are means 6 SEM of four independent experiments (50 oocytes were used per experiment). Results are represented as mean 6 SEM. Different letters indicate significant differences at P , 0.05.
VISFATIN OR NAMPT IN BOVINE FOLLICLES
(STAR) and HSD3B activity could explain the beneficial effect of VISFATIN on progesterone production by primary bovine GC. In the normal ovary, theca cells are responsible for androstenedione and testosterone production, and the GC convert these to estrone or estradiol, respectively, by aromatization using the CYP19A enzyme. To investigate the effect of VISFATIN on estradiol production by bovine GC, we added androstenedione in the culture medium. Interestingly, we observed an estradiol response to VISFATIN that was identical to those obtained for progesterone. However, we noted no effect of VISFATIN on the CYP19A protein levels. One hypothesis to explain these results is that VISFATIN could increase the activity of CYP19A enzyme. However, this needs to be investigated. Other adipokines have been shown to regulate STAR protein levels in GC, including leptin [53, 54] or chemerin [37] . Interestingly, VISFATIN has previously been described as having the ability to activate the insulin receptor [11] . Since IGF1R is highly related in sequence and structure to the insulin receptor [55] , we therefore investigated whether VISFATIN was able to induce IGF1R signaling. The role of VISFATIN in insulin receptor signaling is a controversial one. We report for the first time that in bovine GC, VISFATIN modulates IGF1R signaling, with a significant increase in IGF1R beta subunit tyrosine phosphorylation and MAPK3/1 phosphorylation. However, by using a two-way ANOVA, we observed no significant interaction between VISFATIN and IGF1. The mechanism(s) involved in the positive effects of VISFATIN on IGF1-induced steroid production and IGF1R signaling remain(s) to be determined. In mouse pancreatic beta cells [56] and human osteoblasts [11] , VISFATIN treatment improves the insulin signaling pathway. On the other hand, VISFATIN inhibited IGF1R signaling in human articular chondrocytes [57] . Furthermore, the increase in IGF1R-induced MAPK3/1 phosphorylation by VISFATIN could contribute to explaining the positive effect of the VISFATIN on the IGF1-induced steroidogenesis. Indeed, the activation of MAPK3/1 has been described as a positive regulator on the steroid production by GC. More precisely, it is well known that the MAPK3/1 signaling pathway participates in the regulation of STAR gene transcription [58] .
We previously observed that SIRT1 signaling was involved in the response of ovarian cells to the insulin sensitizer FIG. 8 . Effect of hVisf in the presence or absence of the SIRT1 inhibitors, CHIC-35, and Ex-527 on basal and IGF1-induced progesterone and estradiol secretion by bovine GC. GC from small bovine follicles were cultured for 48 h in a medium with serum and then in serum-free medium in the presence or absence of CHIC-35 (60 nM) or Ex-527 (0.5 lM) and hVisf with or without 10 À8 M IGF1 as described in Materials and Methods. The culture medium was then collected and analyzed for progesterone (A) and estradiol (B) content by radioimmunoassay. Results are expressed as ng/ml/protein concentration/ well. Results are means 6 SEM of six independent experiments. Bars with different letters are significantly different (P , 0.05).
metformin in human GC [3] . SIRT1 belongs to the NADþ-dependent histone deacetylases. It is involved in many cellular pathways, such as cellular survival, because of its interaction with FOXO3A and PPARGC1, apoptosis, cellular stress response, and energy metabolism [59] . In bovine species, SIRT1 mRNA expression has been studied in peripheral tissues, where it is tissue specific and developmentally regulated [60] , but also in ovary [61, 62] . In this latter organ, SIRT1 has been described in bovine GC, cumulus cells, oocytes, and blastocysts [62] . In our study, we confirmed the presence of SIRT1 in the different bovine ovarian cells. Its expression has already been described in whole ovary, granulosa, oocyte, and also embryo from different species [63] . In bovine species, SIRT1 could be involved in the beneficial effects of resveratrol (a natural polyphenolic compound known to activate SIRT1 [64] ) on oocyte maturation and embryonic development after in vitro fertilization [62] . Using pharmacological inhibitors named CHIC-35 and EX-527, we showed that SIRT1 is involved in the positive VISFATIN effects on steroid production in bovine GC. Furthermore, the inhibition of SIRT1 reduces significantly IGF1-induced STAR protein levels and IGF1 receptor signaling but not IGF1-induced HSD3B activity in response to VISFATIN. This is in agreement with previous reports of an activation of IGF1R by SIRT1 in human chondrocytes [65] .
In conclusion, we have demonstrated for the first time the presence of VISFATIN in the bovine ovary. In primary bovine GC, VISFATIN increased steroidogenesis in the basal state and in response to IGF1 through SIRT1. This was associated with an increase in protein level of STAR and IGF1R signaling. Further investigations are required to determine the in vivo effects of VISFATIN in bovine folliculogenesis and in human ovary in different pathophysiological conditions, including PCOS.
